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The spontaneous formation of lattice structure of quantized vortices is a characteristic feature
of superfluidity in closed systems under thermal equilibrium. In exciton-polariton Bose-Einstein
condensate, which is a typical example of macroscopic quantum state in open systems, spontaneous
vortex lattices have also been proposed by not yet observed. Here, we take into account the finite
decay rate of exciton reservoir, and theoretically investigate the vortex structures in circularly
pumped polariton Bose-Einstein condensate. Our results show that a decreasing reservoir decay
rate can reduce the number of vortices and destabilize the lattice structure, hence is unfavorable
to the formation and observation of vortex lattices. These detrimental effects can be prevailed by
applying an external angular momentum.
I. INTRODUCTION
As one of the most fascinating quantum phenom-
ena, superfluidity remained to be the frontier of modern
physics and attracted constant and improving attention
since its discovery in 1930s.1,2 With the ability of carry-
ing current without any dissipation, such an exotic state
of matter not only manifests the role of quantum coher-
ence, but also reveals fascinating directions of potential
applications. For Bose systems, superfluidity has been
observed and studied in liquid 4He1,2, ultracold quan-
tum gases of bosonic atoms,3 and magnons in magnetic
compounds4. In all these examples, the bosonic parti-
cles contribute a macroscopic occupation of the single-
particle ground state to form a Bose-Einstein condensate
(BEC), where the interaction plays a key role in the pres-
ence of superfluidity.5
The realization of exciton-polariton BEC, or equiva-
lently polariton BEC for short, adds another member in
the family of BEC and provides us the opportunity to
study such a macroscopic quantum state in open sys-
tems.6–9 The exciton is a quasiparticle consisting of an
electron and a hole, which can be confined in a two-
dimensional (2D) geometry in quantum wells embedded
in optical microcavity. When the electron-photon cou-
pling is strong, the exciton and the cavity photon modes
are both dressed to form new eigenstates of this hybrid
system. The new bosonic quasiparticles, referred as po-
lariton, can in principle condense into the single-particle
ground state. Thanks to the extremely light effective
mass of polaritons, the polariton BEC can have a transi-
tion temperature Tc as high as room temperature.
10,11
Another distinctive feature of polariton BEC is that it
is indeed an open system under external pumping and
decay. One of the decay channel is the leakage of pho-
tons from the cavity. Besides, the exciton component of
polariton can also decay via radiative and nonradiative
processes. As a consequence, polariton BEC is truly a
dynamical steady state instead of a thermal equilibrium
state. A natural question then arises: can the polariton
BEC also support superfluidity? On one hand, the Bo-
goliubov excitation spectrum is believed to deviate from
the linear dispersion as in the conventional BEC,12 which
compromises the Landau criterion for the critical velocity
of superfluid. Further theoretical studies suggest that the
superfluid order can only exist in such a open-driven sys-
tem under strong anisotropic confinement.13,14 On the
other hand, experimental results of the suppression of
scattering from impurities15–17, and the long lifetime of
induced vortices and imprinted vortex configuration sug-
gest the existence of superfluidity.18–22
One characteristic feature of superfluid is the sponta-
neous emergence of lattice structure of quantized vor-
tices when subjected to finite angular momentum. After
the first proposal in the context of type-II superconduc-
tor where electron pairs can move without dissipation
to form charged superfluid,23 vortex lattice has been ex-
perimentally observed and considered to be a strong evi-
dence for superfluidity in Bose and Fermi atomic conden-
sates.24,25 For polariton BEC, theoretical proposals have
been made to generate vortex lattices or chains by engi-
neering the pumping potential.26–32 Among these works,
Keeling and Berloff employ the adiabatic approximation
by assuming the decay rate γR of the exciton reservoir is
much larger than that of the polariton γc, and propose
to stabilize a spontaneously formed vortex lattice with a
finite sized circular pumping laser.27 Within this frame-
work, the reservoir can be adiabatically eliminated and
the system is described by a generalized Gross-Pitaevskii
formalism with complexed decay and gain terms. Un-
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2der the same approximation, subsequent works general-
ize the configuration to disordered environment,30 non-
circular geometry,30 spinor polariton condensates,28 and
rotating systems.31,32
In this work, we go beyond the adiabatic approxima-
tion and investigate the effect of reservoir decay on the
formation of vortex lattices in a circularly pumped polari-
ton BEC. We find that by reducing the reservoir decay
from the limiting condition γR  γc, fewer vortices can
be generated in the system, while the lattice structure
can still be stabilized until γR >∼ γc. If the reservoir de-
cay is further decreased, the vortex lattice starts to melt
and eventually liquify when γR  γc. In this limiting
regime, the vortex lattice can be reestablished by apply-
ing an overall external angular momentum. Our results
suggest that a large reservoir decay and an external an-
gular momentum favor the generation and observation of
vortex lattices in polariton BEC.
The remainder of this manuscript is organized as fol-
lows. In Sec. II, we present the mean-field formalism
to incorporate the reservoir decay and the simplification
under the adiabatic approximation. The results of vor-
tex lattices are discussed in Sec. III, where numerical
simulations with different reservoir decays are compared.
Finally, we summarize in Sec. IV.
II. MODELS
To investigate the effect of finite decay rate of exci-
ton reservoir, we employ a mean-field treatment for the
polariton BEC and adopt the open-dissipative Gross-
Pitaevskii equation (ODGPE). This formalism is intro-
duced in Ref.12, and commonly used in subsequent works
to successfully explain a large number of experiments
in exciton-polariton condensates.18,20,33–35 Within this
framework, the mean-field wave function ψ of the po-
lariton condensate and the density of reservoir nR satisfy
a coupled equation set
i
∂ψ
∂t
= [−~∇
2
2m
+ V (r) +
gc
~
|ψ|2 + gR
~
nR +
i
2
(RnR − γc)]ψ,
∂nR
∂t
= P − (γR +R|ψ|2)nR. (1)
Here, P is the exciton creation rate determined by the
external pumping, R is the rate of stimulated scatter-
ing from the reservoir to the condensate, m is the effec-
tive mass of polariton, and V (r) is an external poten-
tial. Both polariton and reservoir are lossy with decay
rates γc and γR, respectively, and are repulsively inter-
acted via polariton-polariton repulsion gc and polariton-
reservoir interaction gR. Previous analysis show that a
stable polariton condensate exists with the condensate
density |ψss|2 = P/γc − γR/R and the reservoir den-
sity nssR = γc/R when the uniform pumping P > Pth ≡
γcγR/R.
12,36,37
It is usually desirable to derive a dimensionless form
of the coupled equations (1), from which some universal
features can be revealed. Here, we consider an external
harmonic trapping potential V (r) = (1/2)mω2r2 with
ω the oscillator frequency, and rescale the equations (1)
using the length unit ` =
√
~/mω and time unit t0 =
2/ω. Then we get
i
∂ψ
∂t
=
[
−∇2 + r2 + g′c|ψ|2 + g′RnR +
i
2
(R′nR − γ′c)
]
ψ,
∂nR
∂t
= P ′ − (γ′R +R′|ψ|2)nR. (2)
Notice that in the expressions above, the wave function
ψ, coordinate r, time t and density nR are all replaced by
their dimensionless counterparts, while other parameters
are defined as P ′ = 2P`2/ω, R′ = 2R/ω`2, γ′c = 2γc/ω,
γ′R = 2γR/ω, g
′
c = 2gc/~ω`2, and g′R = 2gR/~ω`2. In
the following discussion, we focus on this dimensionless
form and perform numerical simulations to obtain time
evolution of the polariton BEC.
If the parameters in Eq. (2) satisfy the conditions
γ′R  γ′c and γ′R  P ′R′/(2γ′c), we can adopt a so-
called adiabatic approximation to eliminate the reservoir
adiabatically and derive a decoupled equation for the po-
lariton wave function27,30,38,39,
i
∂ψ
∂t
=
[−∇2 + r2 + g|ψ|2 + i(α− σ|ψ|2)]ψ, (3)
where g = g′c − g′RP ′R′/γ′2R is the effective rate of repul-
sive polariton-polariton interaction, α = P ′R′/(2γ′R) −
γ′c/2 is the effective pumping rate, and σ = P
′R′2/(2γ′2R)
is the effective rate of saturation loss. This so-called gen-
eralized Gross-Pitaevskii equation (GGPE) can be easily
derived by setting ∂nR/∂t = 0 and then plugging the re-
sult of nR into the first row of Eq. (2). Note that there are
also some sophisticated models which treat the reservoir
or polariton scattering in a more delicate way by includ-
ing the energy relaxation of polaritons or the stochastic
noises from the interaction with environment40–44. Most
of them are just generalized from the ODGPE considered
here, and the effects of adiabatic approximation can be
analyzed analogously.
III. EMERGENCE AND STABILITY OF
VORTEX LATTICES
Under the framework of GGPE, previous studies pre-
dict that vortex lattices can be spontaneous emerged in
polariton BEC when pumped by a circular spot α(r) =
αΘ(RP − r), where Θ is the unit step function and RP
the cutoff radius.27 In this section, we study the effects of
adiabatic approximation on the spontaneous vortex lat-
tice by comparing solutions of ODGPE and GGPE under
various circumstances. There are some earlier works an-
alyzing the validity of adiabatic approximation on the
exciton-polariton condensates45, while the discussion on
vortices and vortex lattices are still lack.
3A. Spontaneous vortex lattices with the adiabatic
approximation
First, we study the properties of vortex lattices in
the exciton-polariton BEC under adiabatic approxima-
tion, where the simplified GGPE are equivalent to the
ODGPE. According to Ref.27, the spontaneous vortex
lattices can be formed when the radius of the circular
pumping laser exceeds the Thomas-Fermi radius of con-
densate RP > RTF =
√
3gα/2σ. Here, we numerically
solve the GGPE (3) to extract the time evolution of po-
lariton BEC starting from a fixed initial state in the form
of the Thomas-Fermi distribution
ψ0 =

√
3αg−2σr2
2σg , r <
√
3gα
2σ ,
0, r ≥
√
3gα
2σ ,
(4)
and obtain similar results as in Ref.27.
In Fig. 1, we show the emergence of vortices and
vortex lattices via the distributions of number density
[Figs. 1 (a) and 1(b)] and phase [Figs. 1 (c) and 1 (d)] of
the polariton condensates. The number of vortices with
different pumping radius RP or pumping rate α has also
been estimated in Fig. 1 (e) and (f), respectively. Notice
that the number of vortices increases with the radius of
the pumping laser, which is consistent with the discus-
sion of Ref.27. However, we do not observe a quadratic
relation Nvor ∝ R2P predicted for large RP ,27 as the laser
radius in our simulation is not large enough. In fact, we
find that the vortex lattice becomes irregular and unsta-
ble for large RP , as suggested in Ref.
27.
The number of vortices depends on the pumping rate
α in a non-monotonic manner. When the pumping rate
is elevated from zero, the number of vortices increase at
first and then decrease to zero. This behavior indicates
that the pumping rate α can affect the generation of vor-
tices in two competing aspects. As shown in Eq. (4),
the Thomas-Fermi radius of the polariton BEC is related
to the pumping rate as RTF ∝
√
α. In the region of
small enough α, the laser radius RP  RTF . The in-
crease of pumping rate would favor the formation of po-
lariton condensate and enhance the cloud size, such that
more vortices can be accommodated, while the condi-
tion RP  RTF remains valid. When the pumping rate
is further elevated, the condensate Thomas-Fermi radius
eventually becomes comparable to or even larger than
the laser spot. The condition RP > RTF is then com-
promised and the vortex formation is less favorable.
In order to show the equivalence of GGPE and
ODGPE under adiabatic approximation, we demonstrate
the emergence of vortices and vortex lattices in Fig. 2 by
using ODGPE where adiabatic approximation is satis-
fied, with parameters can be reduced to those used in
Fig. 1. We find that in the long-time steady state, the
vortex lattice obtained by ODGPE [Figs. 2(b) and 2(d)]
is nearly the same as those by GGPE [Figs. 1(b) and
1(d)]. This demonstrates the validity of GGPE when the
adiabatic approximation is satisfied. On the other hand,
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Figure 1. (Color online) Time evolution and steady-state so-
lution of a polariton BEC obtained by numerically solving
Eq. (3) with initial condition Eq. (4) for σ = 0.3, α = 4.4,
g = 1 when the radius of the finite pumping spot is RP = 5.
The panels (a) and (b) show the time evolution of condensate
density, while (c) and (d) give the corresponding distributions
of phase. Panels (e) and (f) show the number of vortices Nvor
in the steady state by varying the laser radius RP and pump-
ing rate α, respectively, where the red circles are the numerical
results obtained in the long-time limit and the blue solid lines
are guide for the eye.
the configurations of vortices at intermediate time scale
as shown in Figs. 2(a) and 2(c) are only qualitatively sim-
ilar to the GGPE results of Figs. 1(a) and 1(c). In fact,
the time evolution of an open system towards its steady
state is in general sensitively dependent on initial condi-
tions and local perturbations. Thus, it is not unexpected
that the time evolution of ODGPE and GGPE are con-
sistent only qualitatively, even in the case of adiabatic
approximation.
In Figs. 2(e) and 2(f), we show respectively the number
of vortices for different pumping radius RP and pump-
ing power P ′ in the vortex lattices. The dependence of
number of vortices on the pumping radius RP and the
pumping power P are shown similar tendencies in Fig. 1.
This verifies the equivalence of GGPE and ODGPE un-
der adiabatic approximation as well.
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Figure 2. (Color online) Time evolution and steady-state so-
lution of polariton condensate described by ODGPE (2) when
the adiabatic approximation is valid. The panels (a) and
(b) give the time evolution of density of polariton conden-
sate, while (c) and (d) show the corresponding phase distri-
butions. Parameters are chosen as g′c = 1, g
′
R = 2g
′
c, γ
′
c = 110,
γ′R = 100γ
′
c, R
′ = 0.51γ′c, P
′ = 1.08P ′th, and RP = 5. These
parameters are chosen in consistence with those used in Fig. 1.
The panel (e) shows the number of vortices in the steady state
with different radius of pumping spot RP , and (f) displays
that with different pumping P ′, while other parameters are
fixed as in (a)-(d). The red circles in (e) and (f) are the nu-
merical results in the long-time limit, and the blue solid lines
are guide for the eye.
B. Spontaneous vortex lattices beyond the
adiabatic approximation
We then go beyond the adiabatic approximation, and
numerically solve the ODGPE [Eq. (2)] under various
conditions. Considering the relations of parameters of
GGPE and ODGPE, as well as the Thomas-Fermi ra-
dius RTF which defines the minimal pumping radius to
generate vortices and vortex lattices in polariton conden-
sates, it is very subtle to choose parameters beyond the
adiabatic approximation. In addition to choosing damp-
ings γ′c and γ
′
R to define different regions beyond the adia-
batic approximation, we also need to choose the pumping
power P ′, scattering rate R′ and interactions g′c and g
′
R
properly to make the corresponding Thomas-Fermi ra-
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Figure 3. (Color online) Time evolution and steady-state solu-
tion of polariton condensate described by ODGPE (2) where
the adiabatic approximation partly breaks. The panels (a)
and (b) give the time evolution of density of polariton conden-
sate, while (c) and (d) show the corresponding phase distri-
butions. Parameters are chosen as g′c = 1, g
′
R = 2g
′
c, γ
′
c = 8.8,
γ′R = 10γ
′
c, R
′ = 0.68γ′c, P
′ = 2P ′th, and RP = 5. The panel
(e) shows the number of vortices in the steady state with dif-
ferent radius of pumping spot RP , and (f) displays that with
different pumping P ′, while other parameters are fixed as in
(a)-(d). The red circles in (e) and (f) are the numerical results
in the long-time limit, and the blue solid lines are guide for
the eye.
dius RTF smaller than the pumping radius RP . Only in
this way we can observe spontaneous generation of vor-
tices and vortex lattices in polariton condensates.
Firstly, we consider the case where the adiabatic ap-
proximation is partly broken, i.e., the condition γ′R 
P ′R′/2γ′c is unsatisfied and γ
′
R  γ′c remains hold.
In Fig. 3, we present the numerical results for γ′R =
P ′R′/2γ′c and γ
′
R = 10γ
′
c, which are chosen to be consis-
tent with typical experimental setups.20 The evolutions
of the density distribution [Figs. 3 (a) and 3(b)] and the
phase distribution [Figs. 3 (c) and 3(d)] show that vor-
tex lattice can be stabilized. Besides, the dependence
of number of vortices on the variations of the pumping
laser radius RP [Fig. 3(e)] and the pumping strength α
[Fig. 3(f)] are also qualitatively consistent with the case
within adiabatic approximation as depicted in Fig. 1 and
5| |2, t = 25
-5 0 5
x
-5
0
5
y
(a)
0
10
20
30
40
50
| |2, t = 500
-5 0 5
x
-5
0
5
y
(b)
10
20
30
40
Figure 4. (Color online) Time evolution and steady-state solu-
tion of polariton condensate described by ODGPE (2) where
the adiabatic approximation completely breaks with g′c = 1,
g′R = 2g
′
c, γ
′
c = 8.8, γ
′
R = γ
′
c, and R
′ = 0.068γ′c. All panels
display the same quantities as in Fig. 3, where the laser radius
and pumping power are chosen respectively as RP = 5 and
P ′ = 2P ′th.
Fig. 2, although the absolute number of vortices is signif-
icantly reduced. Thus, we conclude that the breakdown
of condition γ′R  P ′R′/2γ′c is not essential for the for-
mation of vortex lattices.
Next, we break the condition γ′R  γ′c as well, and
shown results for the case γ′R = γ
′
c in Fig. 4. In this
scenario, we can still find spontaneously generated vor-
tices from the density [Figs. 4(a) and 4(b)] and phase
[Fig. 4(c) and 4(d)] distributions. However, a lattice
structure can no longer be clearly recognized, indicat-
ing that the vortex lattice starts to melt and enter a liq-
uid phase with number of vortices always changing with
time. It is also shown that in this region, not only vor-
tices but also anti-vortices are generated in the polariton
condensates. The numbers of vortices and anti-vortices
vary with time within the longest period of time of our
numerical simulation, showing a prominent fluctuation
effect in this regime.
We can further reduce the decay rate of reservoir to
reach the opposite limit of the adiabatic approximation
γ′R  γ′c. The results for γ′R = 0.1γ′c are shown in Fig. 5,
with parameters are chosen in consistence with Ref.46.
In this limiting case of adiabatic approximation broken,
we find that not only the vortex lattices disappear, but
the polariton condensates decompose as well. This ob-
servation can be understood by reminding that the effec-
tive interaction in GGPE g = g′c − g′RP ′R′/γ′2R depends
on the reservoir decay rate, hence can become attractive
with small enough γ′R. Although the formalism of GGPE
is not valid in this scenario, it can still be expected that a
strong enough attractive interaction tend to destroy any
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Figure 5. (Color online) Time evolution of polariton conden-
sate described by ODGPE (2) in the limit of γ′R  γ′c, with
g′c = 1, g
′
R = 2g
′
c, γ
′
c = 1.26, γ
′
R = 0.1γ
′
c, and R
′ = 0.012γ′c.
All panels display the same quantities as in Fig. 3, where the
laser radius and pumping power are chosen respectively as
RP = 5 and P
′ = 8P ′th.
steady Bose-Einstein condensates.
If we reduce the interactions so that they are negligi-
ble,47 polariton condensates can be restored with spon-
taneous generated vortices, as depicted in Fig. 6. In the
limit of γ′R  γ′c, the low energy excitation spectrum
deviates significantly from the linear Bogoliugov form,
and presents a finite energy gap for instead48. However,
from the results for γ′R = 0.1γ
′
c shown in Fig. 6, we can
still observe spontaneously generated quantized vortices,
without apparent lattice structure. In fact, the geometric
configuration of vortices evolve with time, as one would
expect for a liquid phase. We won’t plot the number
of vortices with various pumping radius RP and pump-
ing power P ′ for this case, since the number of vortices
always change over time.
The numerical results discussed above suggest that
quantized vortices can be generated in circularly pumped
polariton BEC even for the case of γ′R  γ′c. However,
the vortices are in a liquid phase with time-varying ge-
ometric configuration. This may hinder the direct ob-
servation of these vortices in experiments, as the polari-
ton BEC is two-dimensional in nature, and the system is
in the Berezinskii-Kosterlitz-Thouless (BKT) phase with
spontaneously generated vortex and anti-vortex pairs.20
It is then desirable to find a mechanism which can help
stabilizing the lattice structure of vortices. Here, we ap-
ply an external rotation to the system by adding an an-
gular momentum term 2ΩLzψ into the first equation of
the ODGPE [Eq. (2)], where Lz = −i(x∂y − y∂x).31,32
In Fig. 7, we show results of a unit angular momen-
tum Ω = 1 for the limit of γ′R = 0.1γ
′
c, where the vortex
lattice is completely melted without a rotation as shown
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Figure 6. (Color online) Time evolution of polariton con-
densate described by ODGPE (2) in the limit of γ′R  γ′c
with small interactions. Parameters are g′c = 0.1, g
′
R = 0.1g
′
c,
γ′c = 1.26, γ
′
R = 0.1γ
′
c, and R
′ = 0.012γ′c. These figures depict
the distributions of number density and phase of the polarti-
ton condensate during time evolution as in Fig. 3, where the
laser radius and pumping power are chosen respectively as
RP = 5 and P
′ = 8P ′th. As the decay of exciton reservoir is
very significant, the vortices configuration varies with time.
in Fig. 6. By comparing these two cases, we find that al-
though the number of vortices are only slightly enhanced
by the external rotation, the lattice structure is perfectly
restored as shown in Figs. 7(b) and 7(d). This obser-
vation can be understood by noticing that an applied
external rotation can effectively reinforce the boundary
condition because the symmetry of single-particle wave
function is consistent with the trapping potential. For
a mesoscopic sample as considered here, the effect of
boundary condition can be very influential in determining
the configuration vortices. An external rotation can be
implemented in experiment by either rotating the sample
mechanically, or applying a Laguerre-Gauss laser beam
with finite angular momentum.49
IV. CONCLUSION
In this paper, we investigate the formation and sta-
bility of vortices and vortex lattices in exciton-polariton
condensates under a non-coherent pumping laser of a cir-
cular cross section. Within a mean-field approach which
takes into account the finite decay rates of exciton reser-
voir and polariton condensate, the time evolution of the
BEC is obtained numerically to reveal the emergence and
configuration of vortices in the long-time limit. By vary-
ing the decay rates of reservoir γ′R and condensate γ
′
c, we
systematically discuss different parameter regimes where
adiabatic approximation is valid with γ′R  P ′R′/2γ′c
and γ′R  γ′c, partly broken with γ′R = P ′R′/2γ′c and
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Figure 7. (Color online) Time evolution and steady-state so-
lution of polariton condensates described by ODGPE (2) in
the limit of γ′R  γ′c and subjected to an external unit angular
momentum Ω = 1. Panels (a)-(d) display the same quantities
as in Fig. 3 and parameters are chosen as in Fig. 6. The num-
ber of vortices in the steady states is depicted by changing
(d) the pumping radius (f) the pumping power.
γ′R  γ′c, fully broken with γ′R = γ′c, and broken to the
opposite limit with γ′R  γ′c. We find that by gradu-
ally relaxing the adiabatic approximation in the sequence
above, the number of vortices generated in the conden-
sate is decreased, and the lattice structure starts to melt
when γ′R ≈ γ′c, and becomes completely liquified in the
limit γ′R  γ′c. This observation suggests that the vortex
lattice is more favorable and stable when the adiabatic
approximation is valid. We further study the effect of
an external rotation on the vortex generation and con-
figuration, and find that an imposed angular momentum
is very effective to stabilize the vortex lattice structure
even in the limiting scenario γ′R  γ′c. Our results pro-
vide useful information to the study of superfluidity in
condensates in quantum open systems.
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